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QJ • Abstract 

Q 

(y-^ ' The physics of diffractive vector meson production in virtual photon nucleon scat- 

tering at NMC energies is reviewed. A particular attention is paid to the physical 
aspects of the reaction and how they influence the observables. The reaction is a 
| good probe to investigate both soft exchange mechanisms and hadronic wave func- 

^sO ■ tions. Extension to either HERA or ELFE kinematics is sketched out. 



1 Space-time aspect of the reaction 



^ ■ The reaction of interest is, within the one-photon exchange approximation, 



7* +p —> V + p, 

where V is a vector meson (p, 0, J/ip, etc.). It is depicted in Fig. 1. The 
present review focuses on vector meson production off a proton target. The 
extension to nuclear targets is of great importance to observe the phenomenon 
of color transparency. It has also been discussed during the meeting [1]. 

We are intereste d in high-energy processes, i.e. when the center of mass energy 
W = \J(q + p) 2 is of the order of 10 GeV or more, and in the low momentum 
transfer region, —t = —{q — q') 2 < 1 GeV 2 . In this kinematical domain the 
strong interaction is predominantly mediated by the pomeron. What are the 
precise properties of the pomeron and how such an object can emerge from 
QCD is still under debate, hence the interest of the field. In order to have a 
simple behavior of the photon, we will also limit ourselves to the region of 
large Q 2 = -q 2 , say Q 2 > 2 GeV 2 , but small x B = Q 2 /2p.q < 0.1. 
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Fig. 1. The reaction 7* + p — ► V + p. The initial photon 4-momentum is denoted 
with q, the initial nucleon momentum with p, and the equivalent final states with 
q' and p'. 



The fact that reactions induced by a photon, either real or virtual, can help 
to get insights into the diffractive domain of strong interaction is due to the 
tendency of the photon to split up into partonic components [2]. To see this, 
let us consider, in the proton rest frame, a photon flying in the z-direction so 
that q = (v,Ot, yjv 2 + Q 2 ). The two possible time-ordered configurations are 
depicted in Fig. 2, where: 

• (a) the photon directly attaches to a proton constituent; 

• (b) the photon fluctuates into a gg-pair before reaching the proton. 




P (a) P P (b) P 

Fig. 2. The two possible time-ordered configurations (t\ < £2)- 

The strength of each of these possibilities is a matter of energy denominators 
between initial and intermediate states. In Fig. 2(a), the quark energy is E — 
(Kl + K^+mlf/ 2 before the photon vertex and E' = ((q z + K z ) 2 + K 2 T +m 2 q ) 1 / 2 
after. The magnitude of the initial quark momentum components, K z and Ky, 
is fixed by the proton wavefunction and is 0(1/R P ), with R p the proton radius. 
This leads to the estimate AE a = E + v - E' = 0(1/ R p ). In Fig. 2(b), we 
have E q = (z 2 (v 2 + Q 2 ) + kf, + m 2 ) 1 / 2 for the quark, where z = k z /q z is the 
longitudinal fraction it carries. To get the antiquark energy, Eg, we replace z 
by 1 — z in E q . The magnitude of and z is now determined by the vector 
meson wave function. This leads to 
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which dominates (AE a ) 1 in the small ig region we are considering. 

This can be reformulated by saying that the gg-fluctuation has a lifetime or 
coherence length 

l c = (E q + Eg - v)' x « [x B M v Y\ 

much larger than the interaction time, i.e. the proton radius, at very small i B . 
As a consequence, the proton practically always sees the photon as a quark- 
gluon wave packet in this regime. In the proton rest frame (and in the center 
mass frame as well), a simple physical picture of the process emerges where 
the reaction is a three-step process: 

• the photon turns into a quark-gluon state, 

• this state then scatters softly on the proton constituents, 

• before it forms the final vector meson. 

From this physical evolution of the reaction, we deduce that experimental 
studies of vector meson electroproduction help us to learn about both hadronic 
wavefunctions and soft exchange mechanism ("pomeron exchange"). 

To be more specific, the amplitude of the process can be written as 

Mi'j* +p —>V + p) = / dzd 2 rip r *(z,r)M{qq + p -> qq + p)ipv{z, r), (1) 



where ipj* and ipv are the photon and vector meson light-cone wave function, 
respectively. M. {qq + p) is the interaction amplitude between the gg-dipole, 
with transverse extension r, and the proton. It can be in turn expanded in 
terms of the initial and final proton wavefunctions and a fully microscopic 
interaction amplitude at the quark-gluon level. The process is thus similar to 
the high-energy elastic collisions of a meson with a proton, in which case the 
amplitude reads 

M(M + p-> M + p) = J dzd 2 r^ M (z,r)M(qq + p -> gg + p)i/j* M (z, r), 

but the photon virtuality Q 2 and polarization (either longitudinal or trans- 
verse) provide extra degrees of freedom in addition to the center of mass energy 
y/s = W and momentum transfer t. 

The phenomenology associated with the photon degrees of freedom is de- 
termined from its wavefunction. The simplest gg-component can be easily 
computed in perturbation theory. Its main property is that large transve rse 
distances are suppressed by a factor e~ er where e = \J z(l — z)Q 2 + m? q . In 
vector meson production, it is actually the wave function overlap, ip^tpy, 
which matters, so that the end-point region in z is relatively unimportant, 
and the transverse distance probed diminishes with increasing Q 2 . Further- 
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more, it turns out that this overlap depends on the photon polarization, the 
important differences being that 

ip y *ipy\ L oc z(\ - z)Q, ip^ip v \ T oc er, (2) 

from which we can infer that the longitudinal transition dominates the trans- 
verse one at large Q 2 . 



2 The Donnachie-Landshoff Model [3] 

A phenomenological step towards the understanding of soft collisions can be 
accomplished by extracting their universal characteristics. This can be done 
by discussing the model of Donnachie and Landshoff. The model is based on 
a Regge approach and aims at describing every high-energy elastic collisions 
with a few ingredients. Despite (thanks to?) its simplicity, it gives a reasonable 
account of the present hadron-hadron elastic scattering data. 

The model has a diagrammatic formulation and the relevant diagram for pion- 
proton collision at large center of mass energy, y/s, and small momentum 
transfer, t, is shown in Fig. 3. 




Fig. 3. Diagram for ir-p elastic scattering. 
In Fig. 3, the exchanged object is a pomeron to which one associates the factor 

where the pomeron intercept, a^, is observed to be ~ 1.08 and the slope 
a' ~ 0.25 GeV~ 2 . Other objects (reggeons) can be exchanged in the reaction. 
Their contributions are however subleading in energy, i.e. suppressed by some 
powers of 1/s, and will be ignored for simplicity. 

The second necessary ingredient in Fig. 3 is the hadron-pomeron vertex. Phe- 
nomenologically, one obtains a good description assuming that the pomeron 
couples to quarks like a photon. Of course, it does not interact with the in- 
dividual quarks via their electromagnetic charge but rather couples to each 
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constituent quark with a strength (3q. The pion-pomeron and proton-pomeron 
coupling are then 

(tt _ P - n ) = 2(3 F n (t), (p-P-p) = SfoF^t), 

where the t-dependence of the vertex is given by the hadron leading form 
factor. 

As already stated, this model provides a good description of total cross sections 
which are related to the elastic amplitude through the optical theorem 

a(s) = - lmM(s,t = 0), 

s 

with a universal "slow" rise s a08 in the ~ 100 GeV region. Including the next- 
to-leading trajectory, the model provides good fits down to y/s = 5 GeV for 
p + p, p + p, 7r + p, K + p, 7 + p [4]. 

The fact that the pomeron counts the number of constituents inside the hadron 
is called quark additivity. With this property, wave function effects expected 
from Eq. (1) are hidden inside the form factor that enters into the hadron- 
pomeron coupling. 

Let us now return to the exclusive electroproduction of p-mesons. In the 
Donnachie-Landshoff model, the relevant graph is depicted in Fig. 4. 




Fig. 4. Diagram for exclusive p-electroproduction at large Q 2 . 

The only difference with the diagram describing pion-proton scattering, Fig. 3, 
is that the pion-pomeron vertex is now replaced by a quark-loop. Assum- 
ing that a non-relativistic description of the p-meson suffices to evaluate the 
quark-loop, one sees that the quark with momentum k is far off-shell with 
k 2 m —Q 2 /2. Under this circumstance where small transverse distances are 
being probed, the quark-pomeron interaction can no longer be considered as 
pointlike and the strength /3 must be replaced by a decreasing interaction, 
Pof(k 2 ), with f(k 2 ) a pomeron form factor. The deep reason for this phe- 
nomenological introduction of a form factor is that the QCD interaction of 
a color neutral dipole of size r vanishes like r 2 at small r. This colour trans- 
parency phenomenon implies that, at small transverse distances, quark addi- 
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tivity cannot hold in QCD. This aspect needs not be present in hadron-hadron 
soft interaction where the off-shellness of quarks, k 2 , is limited by hadronic 
wavefunctions and therefore f{k 2 ) may always stay close to 1. 

We thus get for the photon-pomeron-rho vertex 

2/3 /(A; 2 ) 



2,ef P M p 



2k 2 



The factor k 2 in the denominator comes from the quark propagator in Fig. 4. 
Within the non-relativistic description of the p-meson, the remaining part of 
the quark loop in Fig. 4 is simply related to the p decay constant, f p , defined 
as 

(0\J»(0)\p(q,h)}=ef p M p e»(q,h), (4) 



i.e. to the p wave function at the origin. 

The differential cross section is obtained by putting all the factors together 
and squaring. With these inputs, the model provides a good description for 
the Q 2 -behavior of the production cross section observed by EMC and NMC 
for the p- meson [3]. From Eq. (3), an energy dependence ~ W ' 32 is expected. 
This is at variance with the observed rising at HERA. I will return to this 
point in section 5. 



3 Towards a microscopic description of the pomeron 



Soon after the formulation of QCD, Low and Nussinov have proposed that 
pomeron exchange corresponds to soft gluon exchanges [5]. The problem is 
then to treat the gluon dynamics in the nonperturbative domain of QCD. Here 
I consider the stochastic vacuum model [6]. This model and its application 
to high-energy scattering has been reviewed during the First ELFE Summer 
School [7]. 

The model accomodates the non-trivial structure of the QCD vaccuum. Ev- 
idence for a non-trivial structure (as compared to a perturbative vacuum) is 
given by the sizeable value of the gluon condensate 

(g 2 FF) = (0\£^F^(x)F a ^(x)\0) » (0.4 GeV) 4 , 

when compared to the QCD scale A pa 0.2 GeV. Within the model, the QCD 
vacuum is considered as a superposition of configurations where the gluon 
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field strength condenses into domains (analogously to the magnetic field in a 
ferro magnet). 

The basic ingredient in the model is a gluon field strength two-point corre- 
lator. In order to define a gauge invariant correlator, one has to introduce 
the modified gluon field strength F pu (x,u>) which is obtained from the field 
strength at point x by parallel transporting the colour content to a reference 
point uj 

F pu {x,u) = $- 1 (x,u)F^(x)$(x,u), 

with u) = Pexp[— ig f* Adz]. Assuming that the main features of the 
correlator (0\F pu (x, uj)F pa (y, lu)\0) do not depend crucially on the choice of 
the reference point u we obtain for the dependence on z = x — y the most 
general form 



+ (1 - K)^[d p (z p i] ua - z a r) vp ) + d u {z a i] pp - Zprj^D^/a 2 )}. (5) 

The correlator incorporates the gluon condensate at x = y and the fall-off of 
the correlation of two field strengths at large distances. This fall-off occurs 
on a typical correlation length, a, the typical size of the domain, which turns 
out to be about 0.3 fm. The correlator D is specific for a non-Abelian gauge 
theory since the homogeneous Maxwell equations 

t^ a d v F pu = 

allow only the tensor structure associated with D\ in Eq. (5), i.e. k = in an 
Abelian theory without magnetic monopoles. 

The model leads to linear confinement, i.e. the Wison loop satisfies an area 
law for large contours, only if k ^ 0. In this approach, confinement is then 
explicitely due to the non-Abelian nature of QCD. Notice that lattice simu- 
lations support the non-Abelian character of the correlator Eq. (5) by giving 
k w 0.74 [8]. 

The high-energy scattering of two color singlet dipoles qiqi and g 2 <?2 can be 
treated analogously to the situation of heavy quarks encountered in the Wilson 
area law. In the center of mass frame, each quark (or antiquark) travels with 
nearly the speed of light along some z-direction for q± q~i or the opposite for g 2 g 2 - 
During their travel, quarks interact with the vacuum field. This interaction 
shows up as a non abelian phase [9] 



V = Pexp[-ig J Adz] 
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where T is the classical path of the quark (an antiquark gets a similar phase 
but its path is backward oriented). For dipole 1, the quark phase, V±, together 
with the antiquark phase, Vj, and the two gauge links entering the definition 
of the initial and final state dipole give rise to a Wilson loop W\. The resulting 
dipole-dipole interaction is then the expectation value of the product of the 
two loops W\ and W 2 - 

In the model of the stochastic vacuum, this expectation value is related to 
the two-point correlator [10]. The two components of the correlator in Eq. (5) 
gives rise to distinct types of interaction. This is illustrated in Fig. 5 where 
the interaction amplitude between a large dipole target oriented along a given 
x-axis and a small dipole probe is plotted as a function of the impact position 
for both (a) the "non-confining" = 0, and (b) the "purely confining" 

case, k — 1. For simplicity a sum over the orientation of the probe has been 
carried out. 




Fig. 5. (a) Color interaction amplitude for n = as a function of the impact position 
between the two dipoles. Dipole 1 has a transverse size r± = a and an average over 
its orientation is understood. Dipole 2 has a transverse size r 2 = 12 a and lies along 
the x-axis. 

(b) Color interaction amplitude for n = 1. 

The non-confining term gives rise to a quark-quark interaction, where color 
charges only interact if their trajectories enter in a common domain of the 
vacuum structure. The confining term gives a string-string interaction where 
the color dipoles (connected by their strings) interact as whole objects rather 
than as isolated endpoints. We notice that quark additivity arises from the 
non-confining part of the interaction provided hadrons are much bigger than 
the domain size, but that it does not if the confining term is important. 

From the nonperturbative scattering amplitude of color dipoles with fixed 
lengths r\ and r 2 , a valence quark picture can be constructed by distributing 
the positions of the end-points of the strings according to hadronic wave func- 
tions [10]. Integrating out the nucleon constituent degrees of freedom leads to 
our model amplitude for the dipole-proton interaction amplitude to be inserted 
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in Eq. (1). 



4 Comparison with experiment 



From the dipole-proton interaction amplitude just discussed and with the 
perturbative photon wavefunction and a model wave function to describe the 
vector meson, one can compute the differential cross section for either a lon- 
gitudinal or a transverse polarization of the photon [11]. The discussion of 
our results for these quantities gives me the opportunity to show the present 
experimental status at NMC energies, i.e. W « 10 — 20 GeV. 

Let us first compare with the integrated cross section for p and J/^-pro duct ion. 
The experimental results come in the combination <r cxp = ea L + cr T , where e is 
the rate of longitudinally polarized photons. The results as a function of Q 2 
are show in Fig. 6. 
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Fig. 6. (a) The scaled cross section Q 4 a(Q 2 ) for p-production in nb.GeV 4 . The 
crosses are the NMC-results [12] and the diamonds represent our prediction for the 
quantity Q 4 (e<JL + <tt) with the experimental polarization rate of NMC. 
(b) J/V'-production cross section for longitudinal and transverse polarizations. To 
compare with EMC-data [13], one has to combine these two cross sections into 
a = e(Jl + <Jt with the polarization rate measured by EMC, e w 0.7. 

The model parameters, (g 2 FF) and a, were adjusted to fit the proton-proton 
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total cross section and elastic slope. Keeping them fixed, the magnitude of our 
cross sections depends on the meson wave function parameters. Once the value 
of the wave function at the origin is fixed to fit the meson decay constant, see 
Eq. (4), the most important ingredient is the transverse extension parameter 
for light quark systems and the quark mass when heavy quarks are involved. 
With the shrinkage of the photon, this influence decreases with increasing Q 2 . 
The exact ^-dependence of the wave function also affects the overall magnitude 
of the cross section. 

The Q 2 -behavior of specific observables, such as the ratio of longitudinal to 
transverse cross sections, R{Q 2 ) = vl/vt, offers possibilities to distinguish 
between different models. The ratio is plotted in Fig. 7(a). For large Q 2 , R = 
0(Q 2 ) but this behavior is not yet reached in the intermediate range where R 
grows slower than Q 2 . 




Fig. 7. (a) The ratio for longitudinal to transverse cross section for p-production. 
The data point is from Ref. [12]. Other data compare well within errors but they 
either are far outside the 10-20 GeV range or have large errorbars. 
(b) The differential cross section, da/dt(A?r), for 7* + p —> p + p at Q 2 = 6 GeV 2 . 
Data are from Ref. [12]. 

Another important check is provided by looking at the t-dependence of the 
differential cross section. We show our result for eda^/dt + dax/dt versus A 2 ^ 
at 6 GeV 2 in Fig. 7(b) and compare it to the NMC points for the deuteron 
outside of the coherent production region [12]. Notice also that there is a non 
trivial Q 2 -dependence of the slope B = d\n(da/dt)/dt which comes with the 
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slowly shrinking transverse size of the photon as Q 2 grows. 



5 Energy dependence 

The pomeron phenomenology extracted from hadron-hadron scattering as in 
section 2 predicts for the exclusive vector meson electroproduction cross sec- 
tion a universal energy dependence ~ W ' 32 for large W. According to recent 
HERA results, the energy dependence at large Q 2 is however much more pro- 
nounced than such a "soft" behavior. The observed trend of the data is shown 
in Fig. 8. 
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Fig. 8. Photoproduction and electroproduction at Q 2 = 10 GeV 2 of p-mesons. The 
energy rise observed in photoproduction is compatible with the soft pomeron phe- 
nomenology. A quite different behavior is observed at large Q 2 

Such a behavior has to be compared with the energy-dependence observed for 
the total photon-proton cross section, the latter also showing a weak depen- 
dence, W 0A6 , for Q 2 = 0, and a strong one at large Q 2 . The physics driving 
the rise of F 2 (x, Q 2 ), which is related to the total cross section through 

F 2 (x,Q 2 ) = ^(a T + a L ), 

towards small xb ~ Q 2 /W 2 (i.e., at fixed Q 2 , towards large energy) may 
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then explain what occurs in electroproduction.Q In the same spirit, it should 
be noted that the energy dependence in J/^-photoproduction is similar to 
large Q 2 p-production. A possible explanation for this similarity is that the 
typical transverse distances involved in both cases are the same. This can 
be deduced from the expression of the "photon size" defined in section 1, 
e = [z(l — z)Q 2 + m 2 ] 1 ^ 2 . In the J/tp-c&se and at Q 2 = 0, the presence 
of the large c-quark mass leads to a typical transverse size probed as small 
as in the light quark case at some large Q 2 (a quantitative estimate gives 
Q 2 « Mjm ~ lOGeV 2 ). A study of the energy dependence in vector meson 
electroproduction in which the above connections appear naturally is given in 
Ref. [14]. 

One can estimate the t — > limit of the amplitude M. (qq + p — > qq + p) 
appearing in Eq. (1) for small transverse distances. It is related, through the 
optical theorem^] 

M(s,r,t= 0) = isa tot {s,r), 



to the total cross section of a small gg-dipole, with transverse extension r, 
scattering on a proton. This in turn can be evaluated 

a tot (s,r) = ^a s xG p r 2 , 



where G p is the gluon density in the proton. Replacing this in Eq. (1), one 
gets for the dominant part at large Q 2 [15,16] 



Aef v f dz^ 
J z(l 



^2 J :(!-:) 



M.(s,t = 0) = is—asxG p j 



3 

Q 3 / dzip v (z) 



Let us first notice that, the leading transition at large Q 2 ^> My is that of 
a longitudinal photon turning into a longitudinal vector meson. Other transi- 
tion amplitudes are suppressed by some power of 1/Q and are asymptotically 
negligible in the cross section. 

In the limit of large Q 2 , the meson wave function is probed only at 0-transverse 
distance, i.e. it is the distribution amplitude, ^v{z) = ip v (z,r T = 0), of the 

1 A closer look to transverse distances involved shows that exclusive vector meson 
production compares better to the longitudinal cross section <tl than to the sum 
ct + Oh- 

2 the real part of M. can be neglected 
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vector meson which matters in the meson wave function together with the 
meson decay constant fy. Actually, it is only the quantity 



for a normalized if, J Q dzip(z) = 1, which enters in the expression of the scatter- 
ing amplitude. The distribution amplitude also occurs in exclusive reactions at 
large momentum transfer [17], but in general inside different integrals. For the 
purpose of extracting distribution amplitude from experiments, the present 
reactions turn out to be complementary to hard exclusive ones. 

One of the difficulties in the above derivation is to find how are the arguments x 
and fj, 2 entering in the gluon density xG p (x, /i 2 ) related to the physical xb and 
Q 2 . One of the problem is that the above amplitude is explicitely computed 
at A = 0, a limit which turns out to be unphysical since the vector meson and 
the photon do not have the same mass. This difficulty can be circumvented 
by introducing off-forward parton densities [18]. 

The remaining t-dependence of the amplitude has a soft origin and is not acces- 
sible via a perturbative treatment. Its description requires a non-perturbative 
approach such as the one presented in section 3. 



6 ELFE regime 

The experimental accuracy reached so far has revealed basic facts about the 
physics at work in vector meson production at small momentum transfer. How- 
ever quantitative tests which are necessary to disentangle the various aspects 
of the reaction seem only feasible with high-luminosity facilities. 

The various approaches described above rely on high-energy approximation. 
At ELFE, the maximum center of mass energy is W 5 GeV, a value which 
lies just at the low end of our high-energy domain. From the Regge phe- 
nomenology point of view, exchanges of reggeons other than the pomeron 
are important in this energy domain. This aspect makes the microscopic de- 
scription of the process much more difficult. To avoid this complication, it is 
interesting to focus on <fi and J/^-production because the coupling of these 
particles to non-vacuum trajectories is strongly suppressed. 

With the limitation xb < 0.1, the range of Q 2 is restricted to Q 2 < 3 GeV 2 , 
that is with ELFE one just reaches the "hard" region where a simple qq 
description of the photon may be sufficient to describe the process. An under- 
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standing of the small Q 2 region is necessary. The Q 2 — > limit is commonly 
described through the vector meson dominance of the photon and, within 
the Donnachie-Landshoff model, it gives a reasonable description of p and 
^-production. 

Finally two very interesting extensions have not been discussed here. These 
are, on the one hand, the study of the reaction for nuclear targets instead of 
the nucleon and, on the other hand, the transition from low to high momentum 
transfer. 
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